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(54) Bandgap voltage reference using differential pairs to perform temperature curvature 
compensation 



(57) A bandgap reference that generates a tennper- 
ature stable DC voltage by using a corrective current. 
The corrective cunrent is generated by a series of differ- 
ential pairs that are controlled by both positive tennper- 
ature shift gate voltage on one transistor, as well as a 
negative temperature shift gate voltage on the other 
transistor. As temperature changes and crosses the 
crossing point at which the current is split evenly through 



both transistors, the current change is more abrupt. The 
crossing points of each of the differential pairs may be 
appropriately selected so as to generate a high resolu- 
tion con-ective current. The various current contributions 
are summed to form the total corrective current, which 
tends to be quite accurate due to the abrupt crossing 
points. The con-ective current is then fed back into the 
circuit so as to compensate for much of the temperature 
error. 
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Description 

[0001] The present invention relates to the field of 
bandgap voltage reference circuits. In particular, the 
present Invention relates to circuits and methods for pro- 
viding a temperature-stable bandgap voltage reference 
using differential pairs to provide a temperature-curva- 
ture compensating current. 

[0002] The accuracy of circuits often depends on ac- 
cess to a stable Direct Cun-ent (DC) reference voltage. 
One class of circuits that generates DC reference volt- 
ages is called "bandgap voltage reference circuits," or 
"bandgap references" for short. Bandgap references 
use the bandgap voltage of the underlying semiconduc- 
tor material (often crystalline silicon) to generate an in- 
ternal DC reference voltage that is based on the band- 
gap voltage. 

[0003] Many bandgap references forward bias the 
base-emitter region of a bipolar transistor to fomri a volt- 
age VgE across its base-emitter region. Vbe then used 
to generate the internal DC reference voltage. VgEdoes, 
however, have some first-order, second-order and high- 
er order temperature dependencies. Many bandgap ref- 
erences substantially eliminate the first-order tempera- 
ture dependency by adding a Proportional-To-Absolute- 
Temperature (PTAT) voltage to VgE- 
[0004] One such bandgap voltage reference circuit is 
disclosed in U.S. Pat. No. 3,887,863 (hereinafter re- 
ferred to as the '863 patent), which issued June 3, 1 975 
to A. P. Brokaw. The bandgap voltage reference circuit 
disclosed in the '863 patent relies upon a bandgap cell 
that Is commonly referred to as a "Brokaw cell". 
[0005] Referring to FIG. 1 , a schematic representa- 
tion of a standard Brokaw cell 1 00 is shown. The Brokaw 
cell 1 00 comprises a pair of bipolar transistors (Q1 and 
Q2) and a pair of resistors (R^ and R2). The area of the 
base-emitter regions in Q1 and Q2 are indicated by A 
and unity, respectively, wherein A is greater than unity. 
[0006] Referring to FIG. 2, a schematic representa- 
tion of a bandgap voltage reference circuit 200 is shown 
incorporating a Brokaw cell 100. In addition to the 
Brokaw cell 100, the bandgap voltage reference circuit 
200 comprises an operational transresistance amplifier 
R, as well as a pair of resistors R3 and R4 that allow the 
reference output voltage (Vqut) to exceed the bandgap 
voltage. 

[0007] During operation, a voltage of develops 
across the base-emitter region of bipolar transistor Q2. 
In addition, a PTAT voltage (termed Vpy^T) develops 
across resistor Rg. The base-emitter voltage (Vbe) of a 
bipolar junction transistor has a negative temperature 
coefficient generally between -1 .7 mV/ degree C. and -2 
mV/ degree C. In other words, if the operating temper- 
ature of a bipolar transistor was to increase by one de- 
gree Celsius, the base-emitter voltage would decrease 
by a voltage in the range of from 1 .7 to 2 mV. In contrast, 
the PTAT voltage has a positive temperature coefficient. 
In other words, as the temperature increases, so does 



the PTAT voltage. By matching the temperature coeffi- 
cient of 0^ to the temperature coefficient of VpxAi 
of R2, the first order temperature coefficient of Vg can 
be made zero (or at least very close to zero) thereby 

5 significantly reducing temperature dependency. 

[0008] Although the bandgap voltage reference circuit 
substantially eliminates first-order temperature depend- 
encies in the output voltage, second and higher order 
temperature dependencies remain. In particular, a plot 

10 with temperature on the x-axIs and output voltage on the 
y-axis results In an approximately parabolic curve that 
reaches a maximum at about the ambient temperature 
of the bandgap reference. 

[0009] Some conventional bandgap references even 

15 substantially reduce rnuch of the second and higher or- 
der temperature variations in the output voltage. One 
such bandgap voltage reference circuit is disclosed in 
U.S. Pat. No. 5,767,664 (hereinafter referred to as the 
'664 patent), which issued June 16, 1998 to B. L. Price. 

20 Figure 3 illustrates such a bandgap reference 300. 
[001 0] The bandgap reference 300 includes the con- 
ventional bandgap reference 200 of Figure 2, but also 
includes a V-to-1 converter circuit 304 with two differen- 
tial pair segments 306 made up of MOSFETs M1-M4. A 

25 current mirror 308 is formed with MOSFETs M5 and M6 
so as to extract a correction current, Icorr* ^^^^ 
node. The correction current reduces a significant por- 
tion of the remaining temperature dependencies that 
were present In the bandgap reference 200. According- 

30 ly, the voltage at node Vq is relatively temperature sta- 
ble. As a consequence, the output voltage of the band- 
gap reference 300 is a DC voltage that is relatively sta- 
ble with temperature changes as compared to the prior 
bandgap reference 200. 

35 [0011] In order for the correction current to reduce 
temperature errors, the differential pairs 306 are tuned 
to provide an appropriate current component at given 
temperatures. One current source 308 is provided for 
each differential pair 306. A PTAT voltage is applied to 

40 the gate tenninal of the left MOSFET in each differential 
pair (e.g., M 1 for differential pair 306', and M3 for differ- 
ential pair 306"). A substantially constant voltage is 
tapped onto the gate temninal of the right MOSFET in 
each differential pair (e.g., M2 for differential pair 306', 

45 and M4 for differential pair 306"). As the temperature 
varies the voltage applied to the gate of the left MOSFET 
in each differential pair will change. Note that the rela- 
tively constant voltage applied to the gate of MOSFET 
M2 will be lower that the relatively constant voltage ap- 

50 plied at the gate of MOSFET M4 due to the voltage di- 
vision provided by resistors R4A. R4B and R4C. 
[0012] Each of the differential pairs 306 generates a 
component of the correction current. For example, con- 
sider the differential pair 306' which contributes a com- 
55 ponent of the correction cun^ent. At very low tempera- 
tures, the gate voltage of MOSFET M1 is lower than the 
gate voltage at M2. Accordingly, most of the current 1^ 
is diverted through Ml to contribute to Icorr via current 
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mirror 308. However, the MOSFET M4 is substantially 
off. Accordingly, at tower temperatures, the corrective 
current is approximately proportional to current 1^. 
[0013] As the temperature rises, the gate voltage of 
M1 becomes the same as the gate voltage of M2. Ac- 
cordingly, only half of the current 1^ , would pass through 
M1 to contribute to curvature correction current Icorr- 
This temperature is often referred to as the "crossing 
point". At very high temperatures, the gate voltage of 
M1 is higher than the gate voltage of M2. Accordingly, 
very little of the current 1^ passes through M1 to contrib- 
ute to the error current. 

[0014] Accordingly, by adjusting the crossing point of 
each differential pair, one may change the current con- 
tribution profile of each differential pair until the sum of 
the contributions results in a correction current that gen- 
erally reduces the temperature error in the output volt- 
age. In Figure 3, the crossing points are set by fine tun- 
ing the size of the resistors R^p^, R4B, and R4C. 
[0015] The bandgap reference 300 provides a signif- 
icant improvement in the art. However, there is still some 
degree of temperature dependency in the output volt- 
age, despite the correction current. Accordingly, what 
are desired are bandgap circuits and methods for more 
precisely generating a correction cun-ent so that temper- 
ature dependencies in the generated output current may 
be even further reduced. 

[0016] The foregoing problems in the prior state of the 
art have been successfully overcome by the present in- 
vention, which is directed to bandgap reference circuits 
and methods that generate a con-ection cun-ent by using 
differential pairs using positive as well as negative tem- 
perature drift voltage sources to perform current steer- 
ing or diversion in each differential pair. 
[0017] In accordance with the present invention, a 
bandgap voltage reference circuit Includes a bandgap 
voltage source that is configured to generate a bandgap 
voltage during operation, the bandgap voltage having 
strong temperature dependencies. For example, one 
bandgap voltage reference source may be a bipolar 
transistor having a fonward-biased base-emitter junc- 
tion. In that case, the voltage across the base-emitter 
region (Vbe) would be a bandgap voltage having heavy 
temperature dependencies. Such temperature depend- 
encies include first, second, and higher order tempera- 
ture dependencies. A Proportional-To-Absolute-Tem- 
perature (PTAT) voltage source may add a PTAT voltage 
to the bandgap voltage so as to substaritially reduce the 
first-ordertemperature dependencies. However, even in 
that case, second and higher order temperature de- 
pendencies would still remain. 

(001 8] The bandgap voltage reference circuit also in- 
cludes one or more differential pairs. Each differential 
pair comprises a current source, a voltage source that 
generates a voltage that has a negative temperature 
shift (i.e., the voltage reduces as temperature rises), as 
well as a voltage source that generates a voltage that 
has a positive temperature shift (i.e., the voltage rises 



as temperature rises). One of the MOSFETS of the dif- 
ferential pair has its gate terminal coupled to the positive 
temperature shift voltage, while the other MOSFET has 
Its gate temninal coupled to the negative temperature 
5 shift voltage. Accordingly, the principles of the present 
invention use a positive and negative temperature shift 
voltage to control current diversion in the differential 
pairs. This contrasts with the conventional bandgap ref- 
erences that use only the positive temperature shift volt- 
10 age to control cunrent diversion in differential pairs. 
[0019] Using both positive and negative temperature 
shift voltages to control current diversion results in sig- 
nificant advantages. In particular, as temperature rises, 
not only does one MOSFET turn on, but the other MOS- 
15 FET also turns off. This results in faster convergence 
from a total contribution state in which a MOSFET is 
turned on completely allowing all of the current from the 
current source to contribute to the correction cun-ent, to 
a zero contribution state in which the MOSFET is turned 
20 off completely allowing none of the current from the cur- 
rent source to contribute to the correction current. This 
allows for better resolution in designing a correction cur- 
rent. Accordingly, more accurate correction currents 
may be generated to make a more temperature stable 
25 output voltage. 

[0020] Additional features and advantages of the in- 
vention will be set forth in the description which follows, 
and in part will be obvious from the description, or may 
be learned by the practice of the invention. The features 
30 and advantages of the invention may be realized and 
obtained by means of the instruments and combinations 
particularly pointed out in the appended claims. These 
and otherfeatures and advantages of the present inven- 
tion will become more fully apparent from the following 
35 description and appended claims, or may be leamed by 
the practice of the invention as set forth hereinafter. 
[0021] In order that the manner In which the above- 
recited and other advantages of the invention are ob- 
tained, a more particular description of the invention 
40 briefly described above will be rendered by reference to 
specific embodiments thereof which are illustrated in the 
appended drawings. Understanding that these draw- 
ings depict only typical embodiments of the invention 
and are not therefore to be considered limiting of its 
45 scope, the invention will be described and explained 
with additional specificity and detail through the use of 
the accompanying drawings in which: 

Figure 1 illustrates a conventional bandgap cell that 
50 Is incorporated into many conventional bandgap 
references in accordance with the prior art; 
Figure 2 illustrates a conventional bandgap refer- 
ence that does not use a corrective cun-ent in ac- 
cordance with the prior art; 
55 Figure 3 illustrates a conventional bandgap refer- 
ence that does use a corrective current in accord- 
ance with the prior art; 

Figure 4 illustrates a bandgap reference that uses 
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a corrective current in accordance with the present 
invention; 

Figure 5 illustrates the corrective current source of 
Figure 4 in further detail illustrating how the differ- 
ential pairs perform current steering using both pos- 
itive and negative temperature shift gate voltages; 
Figure 6 illustrates a plot of the temperature de- 
pendencies of various gate voltage used when 
there are three differential pairs that contribute to 
the conrective current; 

Figure 7 illustrates a plot of the output voltage ver- 
sus temperature for the uncorrected current having 
the parabolic shape, a corrected current in which 
two differential pairs are used to generate the cor- 
rective current, and a corrected current in which 
three differential pairs are used to generate the cor- 
rective cun*ent; and 

Figure 8 illustrates a plot of the corrective cun-ent 
versus temperature when three differential pairs are 
used to generate the corrective current. 

[0022] The invention is described below by using di- 
agrams to illustrate either the structure or processing of 
embodiments used to implement the circuits and meth- 
ods of the present invention. Using the diagrams in this 
mannertopresentthe invention should not be construed 
as limiting of the scope of the Invention. Specif ic embod- 
iments are described below in order to facilitate an un- 
derstanding of the general principles of the present in- 
vention. Various modifications and variations will be ap- 
parent to one of ordinary skill in the art after having re- 
viewed this disclosure. 

[0023] The principles of the present invention relate 
to a bandgap reference that generates a temperature 
stable DC voltage. The bandgap voltage reference cir- 
cuit includes a bandgap voltage source that Is config- 
ured to generate a bandgap voltage during operation. 
The bandgap voltage has a second-order temperature 
dependency that is compensated for by a corrective cur- 
rent. The corrective current may be generated by a se- 
ries of one or more differential pairs. Each differential 
pair includes a current source in which the current is 
steered through each of the two parallel transistors. Cur- 
rent that passes through one of the transistors contrib- 
utes to the correction current. The current contributions 
from each of the one or more differential pairs are added 
together to generate the total correction current. 
[0024] By adjusting the crossing point on each of the 
differential pairs, the correction current may be formed 
to substantially offset the original temperature error in 
the output voltage. In addition, since both positive and 
negative temperature drift voltages are used to steer the 
current in the differential pairs, each differential pair con- 
tributes a higher resolution current component that is 
more appropriate for the second order parabolic tem- 
perature errors generated by conventional bandgap ref- 
erences. 

[0025] Figure 4 illustrates a bandgap reference 400 



In accordance with the present invention. The bandgap 
reference 400 includes a bandgap voltage source 410 
that is configured to generate a bandgap voltage Vbe 
that has temperature dependencies during operation. 

5 The bandgap reference includes an operational ampli- 
fier 411 having a positive input terminal coupled to the 
emitter temninal of a bipolar transistor 41 2. The base and 
collector temiinals of the bipolar transistor 412 are 
grounded. The operational amplifier 411 has a positive 

10 feedback loop through a resistor R2, and a negative 
feedback loop through a resistor R1 . The node that car- 
ries the voltage Vq^ is coupled to the emitter terminal of 
a second bipolar transistor 413 via a resistor RO. The 
base and col lector temninals of the bipolar transistor 41 3 

15 are also grounded. 

[0026] The bandgap reference 400 uses a connective 
cun'ent source 420 to generate a corrective current 
*coRR ®" ^ summed current line 421 . The summed cur- 
rent line 421 Is coupled to the bandgap voltage source 

20 410 so that the corrective current Icorr partially 
compensates for the temperature dependencies 
present in the bandgap voltage. In the illustrated exam- 
ple, the summed current line 421 is coupled to node A. 
[0027] Note that there are a wide variety of bandgap 

25 references that may be used to generate a bandgap 
voltage. The illustrated bandgap voltage source 410 is 
just one example of such a bandgap voltage source. For 
example, the corrective current may be summed into 
other locations of the circuit other than the emitter ter- 

30 minal of the bipolar transistor41 2 although providing the 
con-ectlve current directly to the emitter temninal has 
some advantages in some application. In particular, the 
connective current may be larger when feeding the cor- 
rective current directly into the emitter terminal, which 

35 is advantageous in many applications. The illustrated 
bandgap voltage source 410 includes an Inherent Pro- 
portional-To-Absolute-Temperature (PTAT) voltage 
source that may compensate for first-order temperature 
dependencies. In particular, in absence of a conrective 

40 current, a PTAT voltage is applied across the resistor 
R2. The resistor R2 may be appropriately sized that the 
magnitude of the PTAT voltage is such that when added 
to generated across the base-emitter region of the 
bipolar transistor 412, the first-order temperature de- 

45 pendencies of the output voltage Vqut are substantially 
reduced or even eliminated. 

[0028] Accordingly, without a corrective cun-ent, Vqu^ 
has only minimal first-order temperature dependencies 
and is quite stable with temperature. However, second 

50 and higher order temperature dependencies would re- 
main absent a corrective current. Figure 7 includes a 
plot of three curves. One that is relevant to this descrip- 
tion at this point is labeled "uncorrected". This curve is 
generally parabolic and reaches a maximum at about 

55 30 degrees C. The uncorrected curve is typical of the 
output voltage generated by many bandgap references 
that does not employ corrective currents. The vertical 
axis is minutely scaled because even the uncorrected 
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output voltage is quite stable with temperature ranging 
between 1.2212 volts and 1.2246 volts. However, it Is 
often desirable to obtain even nnore stable DC voltage 

references. 

[0029] Figure 5 illustrates the corrective current 
source 420 in further detail. The con-ective current 
source 420 Includes one or more differential pairs DPI 
through DPN. The number of differential pairs may be 
any number of differential pairs from one upwards. In 
the illustrated example, differential pairs DPI , DP2 and 
DPN are shown, indicating that there may be N differ- 
ential pairs, N being an arbitrary whole number. Al- 
though the illustrated MOSFETs are illustrated as being 
PMOS transistors, they may also be NMOS or bipolar 
transistors with only minor changes to the circuit as one 
of ordinary skill In the art will appreciate after having re- 
viewed this description. 

[0030] The left MOSFET in each differential pair DP1 
through DPN is controlled by a corresponding gate volt- 
age PS through PSN, respectively. The right MOSFET 
in each differential pair DP1 through DPN Is controlled 
by a corresponding gate voltage NS1 through NSN, re- 
spectively. The voltages PS1 through PSN have a pos- 
itive temperature shift. In other words, the voltages PS1 
through PSN increase with increasing temperature. In 
contrast, the voltages NS1 through NSN have a nega- 
tive temperature shift. In other words, the voltages NS1 
through NSN decrease with increasing temperature. 
The voltages PS1 through PSN may all be the same 
voltage or may have at least some or all of the voltages 
being different. The same applies for the voltages NS1 
through NSN. 

[0031] Each differential pair DPI through DPN in- 
cludes a current source I., through l(^. These current 
sources may be generated by a current mirror 501 . The 
currents 1^, through need not be the same. It is well- 
known that different magnitudes of current may be gen- 
erated by a single current mirror. Some of the differential 
pairs (e.g., differential pair DP1 and DP2) are used to 
provide a corrective current component when the tem- 
perature is below the nominal temperature. Referring to 
Figure 7, the nominal temperature would be the temper- 
ature that con-esponds to the maximum value of the un- 
corrected voltage, which occurs at about SS** C. For 
these differential pairs, cun-ent that passes through the 
right MOSFETs in each differential pair (i.e., transistors 
NS1 and NS2 in the illustrated example) is provided to 
a current sink such as ground. On the other hand, cur- 
rent that passes through the left MOSFETs in each of 
these differential pairs (i.e., transistors DPI and DP2 in 
the illustrated example) is provided as a contribution 
current i^ and 

[0032] Some of the differential pairs (e.g., differential 
pair DPN) are used to provide a corrective current com- 
ponent when the temperature is above the nominal tem- 
perature. Forthese differential pairs, current that passes 
through the left MOSFETs in each differential pair (i.e., 
transistor PSN in the illustrated example) is provided to 



a current sink such as ground. On the other hand, cur- 
rent that passes through the right MOSFETs in each of 
these differential pairs (i.e., transistor NSN in the illus- 
trated example) is provided as a contribution current i^^. 
5 The various contributions currents i-, through if^i are 
summed together to generate a corrective current 

'coRR- 

[0033] In the illustrated example, the positive temper- 
ature shift voltages PS1 through PSN are different hav- 

10 ing been tapped from different nodes in a series of re- 
sistors. In particular, a PTAT current (Irtat) passed 
through a series of resistors r^ through r^. The voltage 
PS1 is tapped from the node just above the resistor r^, 
PS2 is tapped from the node just above the resistor r2, 

15 and so forth concluding with node PSN being tapped 
from the node just above the resistor r^. The negative 
temperature shift voltages NS1 through NSN may be 
having been tapped from the node labeled Vge in 
Figure 4. However, the negative temperature shift volt- 

20 ages may also be made different using voltage division. 
[0034] The corrective current should closely match 
the second order temperature error in the output voltage 
in order to be most useful. In order to shape the correc- 
tive current, a designer may set the crossing points as- 

25 sociated with the differential pair at particular values 
since the shape of the corrective current is largely dic- 
tated by the crossing points. To illustrate this principle, 
take as an example a corrective current source that has 
three differential pairs. The positive temperature shift 

30 gate voltages PSV, PS2' and PS3' are generated by 
voltage division in which a 5 microamp PTAT current 
source is supplied through a resistor r^ having a resist- 
ance of about 12.4 kohms, a resistor r2 having a resist- 
ance of about 26.7 ohms, and a resistor r3 having a re- 

35 sistance of about 29.1 kohms. The negative tempera- 
ture shift gate voltages are all the same in this example 
and are tapped from the node labeled Vg^ in Figure 4. 
[0035] Figure 6 illustrates a plot of the temperature 
versus voltage for the positive temperature shift gate 

40 voltages PS1', PS2' and PS3', andforthe negative tem- 
perature shift gate voltage Vq^. This results In a correc- 
tive current having a temperature profile shown in Figure 
8. Note that the corrective current of Figure 8 generally 
mirrors the parabolic shape of the uncorrected output 

45 voltage of Figure 7. The net result when the corrective 
current Is fed back into the bandgap voltage source 41 0 
is a generally temperature stable voltage that represent- 
ed by the curve of Figure 7 labeled "three stages". The 
curve labeled "two stages" represents a temperature 

50 profile had only two differential pair stages been used 
to generate the corrective current. The use of two differ- 
ential pair stages also provides a relatively stable tem- 
perature profile for most operating temperatures. In one 
example implementation, four differential pairs are used 
55 with two having crossing points below the temperature 
of the maximum uncorrected output voltage, and with 
two having crossing points above the temperature of the 
maximum uncorrected output voltage. 
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[0036] The exact value for the crossing points will de- 
pend on the how much current bias there is for each 
differential pair, and how many differential pairs there 
are. By adjusting the size of the resistors in the voltage 
division series of resistors that are used to generate the 
various temperature shift gate voltages, the crossing 
points may be adjusted. This, In turn, affects the shape 
of the corrective current. A simulator may thus be used 
to quickly derive crossing points that are suitable to gen- 
erate the corrective current given the conditions that ex- 
ist with a particular bandgap reference circuit. 
[0037] Referring to Figure 7, note that the output volt- 
age ranges only plus or minus 1 CO microvolts for tem- 
perature ranges between -55 degrees C and + 125 de- 
grees C. The use of a negative temperature shift gate 
voltage as well as a positive temperature gate shift volt- 
age allows for more abrupt changes in each differential 
pair's contribution to the corrective current at about the 
crossing point of the differential pair. Accordingly, more 
accurate representations of the corrective current may 
be obtained resulting in an improvement to the temper- 
ature stability of the bandgap reference. 
[0038] The present invention may be embodied In oth- 
er specific forms without departing from its spirit or es- 
sential characteristics. The described embodiments are 
to be considered in ail respects only as illustrative and 
not restrictive. The scope of the invention is, therefore, 
indicated by the appended claims rather than by the 
foregoing description. All changes which come within 
the meaning and range of equivalency of the claims are 
to be embraced within their scope. 



Claims 

1 . A bandgap voltage reference circuit comprising the 
following: 

a bandgap voltage source configured to gener- 
ate a bandgap voltage during operation of the 
bandgap voltage reference circuit, the bandgap 
voltage having temperature dependencies; 
one or more differential pairs each comprising 
the following: 

a current source; 

a negative temperature shift voltage 
source that has a negative temperature 

shift; 

a positive temperature shift voltage source 
that has a positive temperature shift; 
a current line configured to carry an error 
current contribution from the differential 
pair during operation; 
a first transistor having a first terminal con- 
nected to the current source, having a sec- 
ond temriinai connected to the current line, 
and having a control tenminal that is con- 



nected to one of the negative temperature 
shift voltage source or the positive temper- 
ature shift voltage source, wherein the cur- 
rent passing from the first terminal to the 

5 second temninal is controlled by the voltage 

at the control terminal; and 
a second transistor having a first terminal 
connected to the current source, having a 
second terminal connected to a current 

10 sink, and having a control tenninal that is 

connected to the other of the negative tem- 
perature shift voltage source or the positive 
temperature shift voltage source, wherein 
the current passing from the first terminal 

15 of the second transistor to the second ter- 

minal of the second transistor is controlled 
by the voltage at the control terminal of the 
second transistor, 

20 wherein the current line from each of the one 

or more differential pairs are connected together to 
form a summed current line that carries a total cor- 
rective current, wherein the summed current line is 
coupled, directly or indirectly, to the bandgap volt- 

25 age source so as to at least partially compensate 
for the temperature dependencies present in the 
bandgap voltage. 

2. A bandgap voltage reference circuit in accordance 
30 with Claim 1 , further comprising the following: 

a PTAT voltage source coupled, directly or in- 
directly, to the bandgap voltage source so as to 
at least partially compensate f o r first order com- 
35 ponents of the temperature dependencies. 

3. A bandgap voltage reference circuit in accordance 
with Claim 1 , wherein the bandgap voltage source 
comprises a PN junction that is configured to be for- 

40 ward-biased during operation. 

4. A bandgap voltage reference circuit in accordance 
with Claim 3, wherein the PN junction is a base- 
emitter junction of a bipolar transistor. 

45 

5. A bandgap voltage reference circuit in accordance 
with Claim 1 , wherein the negative temperature shift 
voltage source for at least some of the one or more 
differential pairs comprises a base-emitter voltage 

so source. 

6. A bandgap voltage reference circuit in accordance 
with Claim 5, wherein the base-emitter voltage 
source comprises the bandgap voltage source. 

55 

7. A bandgap voltage reference circuit in accordance 
with Claim 5, wherein the positive temperature shift 
voltage source for at least some of the one or more 
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differential pairs comprises a PTAT voltage source. 

8. A bandgap voltage reference circuit in accordance 
with Claim 7, further comprising the following: 

a PTAT current source; 

a series of resistors coupled to the PTAT cur- 
rent source so that each resistor in the series 
of resistors also has a PTAT current passing 
through during operation; 

wherein the one or more differential pairs comprise 
the following: 

a first differential pair, wherein the control ter- 
minal of the second transistor in the first differ- 
ential pair is connected to a first node in the se- 
ries of resistors; and 

a second differential pair, wherein the control 
temninal of the second transistor in the second 
differential pair is connected to a second node 
in the series of resistors that is different than 
the first node. 

9. A bandgap voltage reference circuit in accordance 
with Claim 1 , further comprising the following: 

a PTAT current source; 

a series of resistors coupled to the PTAT cur- 
rent source so that each resistor in the series 
of resistors also has a PTAT cun^ent passing 
through during operation; 

wherein the one or more differential pairs comprise 
the following: 

a first differential pair, wherein the control ter- 
minal of the second transistor in the first differ- 
ential pair is connected to a first node in the se- 
ries of resistors; and 

a second differential pair, wherein the control 
terminal of the second transistor in the second 
differential pair Is connected to a second node 
In the series of resistors that is different than 
the first node. 

10. A bandgap voltage reference circuit in accordance 
with Claim 1 , wherein the one or more differential 
pairs comprises a single differential pair. 

11. A bandgap voltage reference circuit in accordance 
with Claim 1 , wherein the one or more differential 
pairs comprises two or more differential pairs. 

12. A bandgap voltage reference circuit in accordance 
with Claim 11, wherein the negative temperature 
shift voltage source is common for each of the two 
or more differential pairs. 



1 3. A bandgap voltage reference circuit in accordance 
with Claim 11, wherein the negative temperature 
shift voltage source is different for at least some of 
the two or more differential pairs. 

5 

14. A bandgap voltage reference circuit in accordance 
with Claim 11, wherein the positive temperature 
shift voltage source is common for each of the two 
or more differential pairs. 

10 

15. A bandgap voltage reference circuit in accordance 
with Claim 11, wherein the positive temperature 
shift voltage source is different for at least some of 
the two or more differential pairs. 

15 

16. A bandgap voltage reference circuit in accordance 
with Claim 11, wherein the two or more differential 
pairs comprises three or more differential pairs. 

20 17. A bandgap voltage reference circuit in accordance 
with Claim 1 1 , wherein the three or more differential 
pairs comprises four or more differential pairs. 

18. A bandgap voltage reference circuit in accordance 
25 with Claim 1 , wherein the first transistor and the sec- 
ond transistor for at least one of the one or more 
dffferential pairs are NMOS transistors. 

19. A bandgap voltage reference circuit in accordance 
30 withClalm 1 , wherein the first transistor and the sec- 
ond transistor for each of the one or more differen- 
tial pairs are NMOS transistors. 

20. A bandgap voltage reference circuit in accordance 
35 with Claim 1 .wherein the first transistor and the sec- 
ond transistor for at least one of the one or more 
differential pairs are PMOS transistors. 

21 . A bandgap voltage reference circuit In accordance 
40 with Claim 1 .wherein the firsttransistor and the sec- 
ond transistor for each of the one or more differen- 
tial pairs are PMOS transistors. 

22. A bandgap voltage reference circuit in accordance 
45 withClaim 1, whereinthefirsttransistorandthesec- 

ond transistor for at least one of the one or more 
differential pairs are bipolar transistors. 

23. A bandgap voltage reference circuit in accordance 
50 with Claim 1 , wherein thefirsttransistorand the sec- 
ond transistor for each of the one or more differen- 
tial pairs are bipolar transistors. 

24. A bandgap voltage reference circuit in accordance 
55 with Claim 1 , further comprising the following: 

a current mirror, wherein the current source for 
each of the one or more differential pairs are 
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mirrored from the current mirror. 

25. A bandgap voltage reference circuit comprising the 
following: 

5 



er of the drain or source terminal con- 
nected to the second current line, and 
having a gate temninal that is connect- 
ed to one of the second negative tem- 
perature shift voltage source or the 
second positive temperature shift volt- 
age source; and 

a fourth MOSFET having one of a drain 
or source temnlnal connected to the 
second current source, having the oth- 
er of the drain or source tenminal con- 
nected to a second current sinlc, and 
having a gate tenninal that is connect- 
ed to the other of the second positive 
temperature shift voltage source or the 
second negative temperature shift 
voltage source; and 

a current mirror, wherein the first and second 
current are mirrored from the current mirror; 

wherein the first and second current lines are 
connected together to fomi a summed current line 
that carries a total error current, wherein the 
summed current line is coupled, directly or indirect- 
ly, to the bandgap voltage source so as to at least 
partially compensate for the temperature depend- 
encies present in the bandgap voltage. 

26. A bandgap voltage reference circuit comprising the 
following: 

a bandgap voltage source configured to gener- 
ate a bandgap voltage during operation of the 
bandgap voltage reference circuit, the bandgap 
voltage having temperature dependencies; and 
means for at least partially compensating for 
the temperature dependencies. 



a bandgap voltage source configured to gener- 
ate a bandgap voltage during operation of the 
bandgap voltage reference circuit, the bandgap 
voltage having temperature dependencies; a 
PTAT voltage source coupled, directly or indi- 
rectly, to the bandgap voltage source so as to 
at least partially compensate for first order com- 
ponents of the temperature dependencies, 
a first differential pair comprising the following: 

15 

a first current source; 

a first negative temperature shift voltage 

source having a negative temperature 

shift; 

a first positive temperature shift voltage 20 
source having a positive temperature shift; 
a first current line configured to carry an er- 
ror current contribution from the first differ- 
ential pair during operation; 
a first MOSFET having one of a drain or 25 
source tenninal connected to the first cur- 
rent source, having the other of the drain 
or source terminal connected to the first 
current line, and having a gate terminal that 
is connected to one of the first negative 30 
temperature shift voltage source orthe first 
positive temperature shift voltage source; 
and 

a second MOSFET having one of a drain 
or source terminal connected to the first 35 
current source, having the other of the 
drain or source temnlnal connected to a first 
current sink, and having a gate terminal 
that is connected to the other of the first 
positive temperature shift voltage source 40 
or the first negative temperature shift volt- 
age source; a second differential pair com- 
prising the following: 

a second current source; 
a second negative temperature shift 
voltage source having a negative tem- 
perature shift; 

a second positive temperature shift 
voltage source having a positive tern- so 
perature shift; 

a second current line configured to 
carry an error current contribution from 
the first differential pair during opera- 
tion; 55 
a third MOSFET having one of a drain 
or source tenminal connected to the 
second current source, having the oth- 
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